To determine whether increased rates of Acanthamoeba keratitis (AK) are due to changes in municipal water treatment or to emergence of a more pathogenic strain of Acanthamoeba.
T he protistan genus Acanthamoeba consists of approximately 25 named species of free-living amoeba that are ubiquitous in nature and have been isolated from a variety of environments including soil, fresh and brackish water, beach sand, air, hot tubs, and recreational swimming pools. [1] [2] [3] [4] Acanthamoeba has a biphasic lifestyle consisting of a mobile trophozoite form with characteristic acanthopodia readily visible under light microscopy. A second form, the cyst, is also observed in Acanthamoeba. The ability to encyst enables the amoeba to survive in deteriorated or harsh environmental conditions. These cysts can survive for long periods and under severe conditions, including in water where chlorine is used as a disinfectant. 5 In addition to its natural distribution, some strains and/or species of Acanthamoeba have been found to be opportunistically pathogenic. The predominant clinical manifestations of Acanthamoeba infection have been cases of Acanthamoeba keratitis (AK) infection, a painful and potentially sightthreatening disease. In North America, AK cases are predominantly associated with contact lens wear. [6] [7] [8] Other less common opportunistic infections caused by Acanthamoeba include those found in the lungs, skin, sinuses, and brain. 2, 3, 9 Infections of Acanthamoeba in the brain lead to nearly universally fatal cases of granulomatous amoebic encephalitis. 2, 3, 9 AK infections are found in otherwise healthy individuals, whereas nonkeratitis infections are associated with immunocompromised individuals, often in patients with AIDS. 2 In the present study, we examine the genotypes of Acanthamoeba strains isolated from AK cases associated with an outbreak of infections in the Chicago metropolitan area. From June 1, 2003 until November 30, 2005 , 40 cases of AK were studied in previous epidemiological analyses that concluded that the rate of AK cases was significantly higher than historical case numbers predicted. 10, 11 The rate was also nearly 10 times the expected number of cases based on the number of cases that have been observed in the United States between 1973 and 1988. 12 In addition, Joslin et al 11 found that there was a significant difference among the distribution of cases in urban and suburban counties in the outbreak area. Specifically, suburban counties had a higher relative rate of infection compared with an urban county (Cook County, IL). 11 It was hypothesized in the Joslin et al (2006) study that the cause of this increased rate of AK infection was an alteration in the amount and type of water treatment chemicals, following changes in Environmental Protection Agency guidelines that mandated a reduction of potentially carcinogenic disinfection by-products in drinking water. 11 Alternatively, it is possible that a new, potentially more pathogenic or virulent, strain of Acanthamoeba could be responsible for the increase in cases of AK. Therefore, in the current study, we have employed genotypic analysis of the AK-derived Acanthamoeba isolates to test the hypothesis that the observed outbreak has resulted from a more pathogenic, or novel, genotype of Acanthamoeba or alternatively, whether the genotypes observed in this outbreak have been seen in previous studies.
MATERIALS AND METHODS
Corneal scrapes from patients with AK were collected by E.Y.T. of University of Illinois, Chicago (UIC), and sent to Ohio State University (OSU). These were isolates used in previous studies by Joslin et al. 10, 11 Upon arrival at OSU, UIC samples were given unique OSU numbers based on arrival date, for example, 05-009, which represents the ninth overall sample received in 2005 at OSU. Next, the samples were briefly vortexed to remove any cells adhering to the sides of the tubes and several drops were plated onto a nonnutrient amoeba saline agar plate seeded with Enterobacter aerogenes (CDC strain #1998-68) as prey. All cultures were maintained at room temperature. To prevent the agar plates from drying out (amoebae migrate in the thin water film on the surface of the agar), all plates were sealed with Parafilm ''M'' (Pechiney Plastic Packaging, Chicago, IL). Additionally, several drops of the sample were placed in a petri dish containing amoeba saline. The plates were checked for growth at 3 days, 7 days, and 2 weeks. This process was repeated until positive growth appeared or until no original sample was left. Blocks of agar from plates that showed positive Acanthamoeba growth were then transferred to liquid culture using a Bacto-Casitone/ Serum media or amoeba saline. 13, 14 DNA was extracted by using the DNeasy kit (Qiagen, Inc, Valencia, CA). After DNA extraction, polymerase chain reaction (PCR) was used to amplify the partial nuclear small subunit ribosomal DNA (ssu rDNA) sequences. DNA sequencing of the partial ssu rDNA sequence was done with an ABI 310 automated fluorescent sequencing system using a set of conserved primers and methods that have been used previously in our phylogenetic studies. 15 The sequences obtained in this study have been deposited in GenBank under the accession numbers EU168067-EU168082.
The sequences were aligned with a standard set of .130 ''complete'' sequences (over 2000 nucleotides in length) of the Acanthamoeba nuclear small subunit ribosomal RNA gene (ssuDNA) using the sequence alignment application CLUSTALX within the analysis package Mega 3.1. 16 This alignment allowed the identification of those complete Acanthamoeba sequences that most closely matched the sequences from each isolate currently being studied. For most isolates, the overall sequence overlap with the standard set of sequences encompassed approximately 490 of the ;2300 nucleotide long ssuDNA sequence. The phylogenetic relationships of the sequences from the Chicago outbreak were then obtained by using the phylogenetic identification of the closest complete sequence as a surrogate for the shorter sequence obtained in this study.
RESULTS
Sequencing of the nuclear ssu rDNA DF3 diagnostic region in the 15 UIC AK isolates resulted in the genotypic determination of 17 individual DF3 sequences (Table 1) . Direct sequence analysis of the PCR product from 06-024 resulted in multiple peaks in the electropherogram, indicative of a mixed product. Therefore, T/A cloning of the PCR amplimer of 06-024 was performed, and subsequent sequence analysis resulted in the identification of a distinct DF3 sequence, which was genotype T4. Additional sequences were not found after cloning; however, the mixed pherogram suggests that more products were present. Overall, 14 of the 17 AK sequences (82%) were determined to be genotype T4 based on sequence alignment and overall sequence similarity analysis using our Acanthamoeba rDNA database. Similarly, 2 of the sequences (18%) were determined to be genotype T3, also based on sequence alignment of the DF3 region. Both genotypes have previously been observed in AK cases. In addition, DNA sequences are overwhelmingly similar to previously sequenced isolates of their 2 respective genotypes. Among the 17 sequences obtained from isolates obtained in this study, 16 could be related to a specific monophyletic subgroup within the phylogenetic tree of the set of complete sequences ( Table 1) . A single ambiguous isolate sequence represented a generic T4 type sequence but was equally similar to a number of subgroups within T4 and could not be placed more accurately.
DISCUSSION
After the recognition of Acanthamoeba's role in keratitis infections in 1973, there were slightly over 200 cases of AK documented in the United States between 1973 and 1988. 12 The rate of infection of contact lens wearers has been estimated in the United States to range from 1.65 to 2.01 per 1,000,000 contact lens users. 10, 17, 18 The identification of particular Acanthamoeba species that are responsible for AK and other infections has been an active area of investigation since the recognition of this amoeba as the etiological agent in these infections. Traditional taxonomy of Acanthamoeba has used morphological markers such as cyst morphology and trophozoite size and shape as classification characters; however, this classification is questionable as morphology of cysts and trophozoites changes with culture conditions. 19 Taxa of Acanthamoeba have been categorized into 3 morphological groups based largely on the cyst morphology of the species. Molecular analyses using nuclear and mitochondrial ssuDNA have supported the 3 morphological groupings, however some species have been shown to polyphyletic in these analyses. [20] [21] [22] In our laboratory, we have worked extensively on the analysis of the ssu rDNA of the nucleus and the equivalent gene from the mitochondrial genome and have analyzed more than 200 clinical and environmental isolates using these genes. 20, 21 Work by other laboratories has increased the number of isolates from which sequences have been determined to over 500. [22] [23] [24] [25] [26] [27] [28] This database allows us to quickly analyze a clinical or environmental sample using molecular methods to determine and classify the Acanthamoeba sequence genotype. 1, 15 Sequence similarities between isolates using the nuclear and mitochondrial ssuDNA have been used to determine phylogenetic relationships between strains and to explore possible correlation with disease phenotypes. The molecular analyses thus far suggest that 15 genotypic classes exist, designated T1, T2, T3, ., T15. [21] [22] [23] [24] [25] [26] [27] Different Acanthamoeba 18S rDNA genotypes are distinguished from one another by a 5% or greater sequence dissimilarity between isolates. The final number of genotypes is an active area of investigation because it is dependent upon the statistical criteria employed to distinguish genotypes and the expanding number of analyzed isolates. Although the major morphological groups and some of the named species are supported by molecular analyses, a number of the named taxa are not supported as unique monophyletic entities when examined using molecular methods. 21 Nearly all AK cases examined in our laboratory (and by several other investigators) are because of infections involving a closely related group of strains sharing similar ribosomal genotypes. Although at least 15 genotypic classes have been identified, nearly all AK-associated strains are classified within a closely related group of genotypes. 21 This group includes genotypes classified as T3, T4, and T11 (and the vast majority of AK strains, .90%, are classified as genotype T4). 21 In addition to the AK isolates, the genotypes T3, T4, and T11 also contain environmental isolates. 21 Furthermore, these 3 genotypes form a single monophyletic group, including a number of the nominal species of the genus Acanthamoeba. 21 There have been rare examples of other genotypes (T5 and T6) that have been identified in AK infections. 25 As discussed previously, Acanthamoeba is capable of infecting other tissues and organs in addition to the eye, for example, skin, sinus, liver, and brain. 2, 3, 9 Our phylogenetic comparisons of the nuclear ssuDNA sequences obtained from these non-AK Acanthamoeba isolates indicated that although the majority of these non-AK infection isolates are genotype T4 (the most common AK and environmental genotype), other rare genotypes were isolated from these non-AK infections (eg, T1, T10, and T12). 29 In addition, 2 of these non-AK pathogenic genotypes (T10 and T12) have not yet been observed in environmental isolates. 29 More recent reports have identified genotype T5 isolates in disseminated non-AK infections, which as mentioned above have also rarely been found in AK infections. 25, 30, 31 The results of the current study clearly demonstrate that these isolates are of previously known genotypes: T3 and T4. The sequences determined do not represent novel genotypes; therefore, there is no support for the hypothesis that the AK cases in the Chicago area outbreak are the result of infections caused by a new Acanthamoeba genotype(s). In fact, there is very high sequence similarity between the DF3 primary sequences of the Chicago-area isolates and previously sequenced T3 and T4 genotype isolates derived from other AK cases. Specifically, the observation of high sequence similarity in this region with other isolates does not provide support for the hypothesis that these isolates represent more pathogenic Acanthamoeba of previously unknown genotypes. Therefore, the results of this genetic study have conclusively shown that these Chicago-area AK infections are the result of infection by Acanthamoeba of previously known genotypes. Because novel Acanthamoeba genotypes are not the cause of the current outbreak, alternative explanations must be explored to explain the ongoing increased rate of AK infection observed in the Chicago area.
One general alternative hypothesis suggests that the increased number of AK cases may be because of an increased abundance of Acanthamoeba in the water supply. 11 The question remains as to the possible reasons for an increased abundance of Acanthamoeba. One possibility is based upon the relatively recent changes that have occurred in the chemical disinfectant treatment of municipal water supplies. Environmental Protection Agency guidelines have resulted in the reduction of chemicals whose breakdown products have been shown to be carcinogenic. The decrease in these water treatment disinfectant chemicals may permit increased bacterial colonization of the water and water supply surfaces. The decreased levels of disinfectant can directly lead to an increased population density of grazing Acanthamoeba that use these bacteria as a food source, resulting in an overall increase of Acanthamoeba abundance in the water supply. This scenario may ultimately culminate in an increased number of AK cases because of the general inability of currently available contact lens disinfectant solutions to overcome the increased protozoan load. 32, 33 Regardless of whether this outbreak is determined to be linked to the water supply, the results of this study have unambiguously identified the Chicago-area isolates as genotypically very similar to previously sequenced AK isolates. This lends further support to the alternative hypothesis that the increased AK cases in the Chicago area may ultimately be linked to mandated changes in the chemical treatment of the household water supply, permitting expansion of already present Acanthamoeba populations of known AKassociated genotypes. 
